Background/Objectives: The association between meat consumption and the risk of colorectal cancer (CRC) has been controversial. One of the difficulties in determining this association has been measurement of different attributes of meat consumption, including cooking methods and level of doneness. Subjects/Methods: We investigated the association between meat consumption and cooking practices and the risk of CRC in a population-based case-control study in the Western Australian Bowel Health Study. From July 2005 to February 2007, 567 incident CRC cases and 713 controls, who were frequency matched to cases for age-and sex, completed questionnaires on lifestyle and meat consumption. Estimated odds ratios (ORs) comparing meat consumption quartile groups were obtained from multivariate logistic regression models. Results: The amount of red baked meat consumed had a statistically significant inverse trend of association with CRC (Q4 OR ¼ 0.73 95% confidence interval 0.53-1.01). When frequency was multiplied by serving size and by doneness, the association remained protective but was no longer statistically significant. The protective trends for red pan-fried meat were also borderline statistically significant. There were no other statistically significant or meaningful associations with any of the types of meat cooked by any method and the risk of CRC. Conclusions: Our data do not support the hypothesis that meat consumption is a risk factor for CRC.
Introduction
Meat consumption has attracted a great deal of attention as a potential risk factor for a range of cancers, particularly colorectal cancer (CRC). In 2007, the WCRF (World Cancer Research Fund) and the AICR (American Institute for Cancer Research) declared that the evidence linking consumption of red meat to CRC was 'convincing' (World Cancer Research Fund and American Institute for Cancer Research, 2007) . This conclusion has been criticized (Boyle et al., 2008; Truswell, 2009 ) and a recent review of 35 prospective studies concluded that the associations were generally weak, lacked a dose-response pattern, varied by tumor site (colon versus rectum) and were limited by the inability to separate effects of meat consumption from other dietary and behavioral factors (Alexander and Cushing, 2010) .
Several plausible mechanisms have been proposed to explain the potential link between meat consumption and colorectal carcinogenesis. They include: oxidative damage as a result of the presence of components of meat such as saturated animal fat (Sawa et al., 1998) , heme iron (Cross et al., 2003) or compounds that are formed as a by-product of reactions during cooking of meat, including heterocyclic amines (Sinha and Rothman, 1999) , polycyclic aromatic hydrocarbons (Cross and Sinha, 2004) and N-nitroso compounds. These latter by-products are found in greater quantities in highly done meat cooked at higher temperatures (Skog, 1993; Felton et al., 1994; Fay et al., 1997) .
Most previous studies that have examined the association between meat consumption and the risk of CRC have used the amount of meat consumed as a measure of exposure (Peters et al., 1992; Gaard et al., 1996; Hsing et al., 1998; Sellers et al., 1998; English et al., 2004; Sanjoaquin et al., 2004; Wei et al., 2004) . However, other aspects of intake, such as cooking technique, may also alter the risk. Cooking temperature (or method) and time (level of doneness) determine the amount of carcinogenic compounds formed during cooking (Keating et al., 1999) . A number of studies have examined the pattern of meat consumption with regard to these factors, but the findings again are not consistent (Lang et al., 1994; Muscat and Wynder, 1994; Kampman et al., 1999; Sinha and Rothman, 1999; Navarro et al., 2004) .
Most of the support for a relationship between meat consumption and CRC arises from North American studies, with fewer European studies finding a relationship (Hill, 2002) . This could be partly explained by lower per capita meat intake in European countries (Norat et al., 2002) . The Australian population has an even higher capita meat consumption (generally 4100 g per day) than North American countries (Norat et al., 2002) . In the context of a higher exposure and wider range of consumption, we conducted a study to address the relationship between overall meat consumption in terms of frequency of consumption, serving size, levels of doneness and cooking procedures, and the risk of CRC.
Materials and methods
This study was undertaken as part of the WABOHS (Western Australian Bowel Health Study), a case-control study of CRC (Iacopetta et al., 2009) . Cases were identified through the Western Australia Cancer Registry and were eligible if they were residents of Western Australia, aged 40-79 years, who were diagnosed during the period July 2005 to August 2007 as having a first incident adenocarcinoma of the colon or rectum (ICD-10 (The International Statistical Classification of Diseases and Related Health Problems, 10th Revision) C18-C20). Controls were recruited from the Western Australia Electoral Roll and were frequency matched to cases for age and sex, based on the approximate distribution of CRC in Western Australia for 2002. Registration for the electoral roll is compulsory for Australian adults. The participation fractions for WABOHS were 59.5% for cases and 46.5% for controls.
All participants gave their informed consent, and the study was approved by the human research ethics committee of the University of Western Australia.
Participants completed a mailed questionnaire to obtain data on height, weight, smoking, physical activity and vitamin supplement use. A self-completed food frequency questionnaire was used to collect data on 74 items including alcohol intake and fruit and vegetable consumption (Cancer Council of Victoria, 2008) . Estimates of total energy, total fat and fiber intake were obtained by the Cancer Council Victoria using Food Standards Australia New Zealand food composition data (NUTTAB95, Canberra, Australia).
Meat consumption assessment
During the period July 2005 to February 2007, respondents were also asked to report their habitual meat consumption 10 years ago through a mailed questionnaire. The period 10 years earlier was chosen as an appropriate measure of exposure, given the probable long latency for cancer development (Byers et al., 1987; Lindsted and Kuzma, 1990) . Data were obtained on a number of types of red meat (hamburger/cheeseburger, beef/veal, lamb/mutton, pork chops/ham steaks, bacon and sausages) and white meat (chicken, fried chicken and fish). For each type of meat we asked how often it was eaten, with options ranging from never to more than twice a day. We also asked how the meat was cooked (pan or stir frying, barbequing/grilling, microwaving, baking/roasting and stewing/casseroling). In addition, pictures and descriptions were used to obtain an estimate of the usual serving size (small, medium or large) and preferred level of doneness from rare (or just done) to very well done.
Three measures of meat consumption were generated for each individual meat type. In addition, measures of total red and white meats were estimated by adding the measures for the different types of red and white meat, respectively.
First, frequencies of consumption for each meat type for each cooking method were summed to calculate a frequency measure in servings per week for that type of meat and cooking method.
Second, quantity of consumption of each type of meat was estimated by multiplying the frequency of consumption by serving size for that meat type, and then summing to make a measure for red and white meat. The multipliers for serving sizes ranged from 1 for 'small' to 3 for 'large'.
Third, the quantity of each type of meat was multiplied by doneness to provide an approximate estimate of amount of exposure to compounds that are formed as a by-product of reactions during cooking of meat (heterocyclic amines, polycyclic aromatic hydrocarbons and N-nitroso compounds). For hamburger, beef/veal and lamb/mutton, the multipliers for level of doneness ranged from 1 for 'rare' to 7 for 'very well done'. For pork, bacon, sausages, chicken, fried chicken and fish, the doneness multipliers ranged from 1 for 'just until done' to 6 for 'very well done'.
Statistical analysis
Statistical analysis was performed using SAS software (version 9.2.1 for Windows, SAS Institute, Inc., Cary, NC, USA). Means of meat consumption variables were compared between cases and controls using t-tests. Descriptive analyses were also performed with respect to the covariates body mass index, smoking habits, physical activity, fruit and vegetable consumption, supplemental vitamin intake, alcohol consumption, total energy and total fat and fiber consumption. These factors had been associated with CRC in the literature and/or were associated with a risk of CRC in this study using a conservative P-value of 0.25. The distributions of these factors were compared between case and control groups using w 2 and t-tests.
Odds ratios (ORs) were computed using separate logistic regression models for the three sets of exposure measures: frequencies (servings per week), quantity (servings per week weighted by serving size) and exposure to cooking byproducts. Exposure variables were categorized into quartile groups, based on the distribution of the exposure variable in the controls. Because the controls were frequency matched to the cases by age and sex, the variables age, sex and their interaction terms were included in all models. A square term was included in the logistic models with continuous exposure measures to check for a nonlinear relationship between the exposure and log odds of disease. No square terms were found to be statistically significant and were excluded from further analyses. Results are presented as estimated adjusted ORs (and 95% confidence intervals CIs) for each quartile group in reference to the first quartile (lowest consumption) together with the trend P-value obtained from using the exposure measure as a continuous variable.
All analyses were adjusted for body mass index, physical activity at age 35-50 years, smoking habits, alcohol consumption, fruit and vegetable consumption, supplemental vitamin intake and total energy, fat and fiber consumption, although none were found to confound the relationship between meat consumption and CRC. Missing values on the covariates meant that 17 cases and 17 controls were dropped from these analyses. All P-values quoted are two sided.
The models were repeated separately for right-sided CRC (those arising in the cecum, ascending colon, hepatic flexure or transverse colon) and left-sided CRC (those arising in the splenic flexure, descending colon, sigmoid colon, rectosigmoid junction and rectum).
Results
Complete data on meat consumption was available for 713 controls and 567 cases. The distribution of demographic and lifestyle characteristics of CRC cases and controls is shown in Table 1 . More cases were obese than controls (32 versus 21%), whereas more controls were overweight than cases (45 versus 37%). More controls than cases took supplemental multivitamins, were never smokers and were physically active at age 35-50 years. The distribution of levels of other variables did not differ between cases and controls. Cases and controls reported nearly identical total energy, fat and fiber intake (Table 2) .
Red barbequed meat was the most commonly eaten meat type, closely followed by pan-fried red meat in both case and control groups (Table 3) . White microwaved meat was the least consumed type of meat in the study population. There were no significant differences between cases and controls with regard to the mean frequencies with which different types of meat cooked by a variety of methods were eaten.
When the serving size was incorporated into the frequencies, the barbequed red meat persisted as the most preferred meat type closely followed by pan-fried red meat (Table 3) . The white microwaved meat remained as the least eaten meat type. The difference between the case and control groups in mean quantity was not significant for any type of meat.
Well done was the most common level of doneness across all meat types, with proportions ranging from 38% for beef to 72% for pork (Figures 1 and 2) . Table 4 presents estimated adjusted ORs for the meat consumption measures in relation to CRC. Red baked meat had a statistically significant inverse trend of association with CRC, with an OR for quartile 4 of 0.73 (95% CI 0.53-1.01). When frequency was multiplied by serving size or by serving size in addition to doneness, the inverse association remained but was no longer statistically significant. The inverse trends for red pan-fried meat were also borderline statistically significant. There was an isolated increase for the third quartile of intake of white barbequed meat (frequency OR 1.69, 95% CI 1.21-2.36) but the trend overall was not statistically significant. There were no other significant or meaningful associations with any of the types of meat and the risk of CRC.
When analyses were repeated for left-and right-sided CRC separately, there were 176 right-sided cases and 326 left-sided cases. For right-sided CRC, the adjusted ORs were mostly close to null and none were statistically significant. For leftsided CRC, there were some adjusted ORs below 1.00 that were of borderline significance: each additional serve (frequency by serving size) per week of white barbequed meat was associated with the OR of 0.94 (95% CI 0.87-1.00) and for white microwaved meat the OR was 0.85 (95% CI 0.73-0.99).
We also examined the risk of CRC for people who ate their meat well done or very well done in comparison with those who ate their meat medium or rare (data not shown). This was done for each type of meat separately. The ORs were mostly very close to 1.00 and none were statistically significant. For hamburger meat, those who liked their hamburgers well done or very well done were 27% more likely to develop CRC (95% CI 0.95-1.69) compared with those who liked their hamburgers rare or medium done.
Discussion
The results of this study do not support an association between meat consumption, or meat cooking practices and the risk of CRC. It has been hypothesized that methods of meat preparation may be more important than the absolute amount of meat consumed. In this case-control study we therefore investigated the relationship between patterns of meat consumption in terms of frequency, serving size, cooking methods and levels of doneness. We found no association between red meat or white meat consumption and CRC. For red meat the findings are consistent with those of a number of other case-control and cohort studies that have found no statistically significant association between red meat consumption and the risk of CRC (Tuyns et al., 1988; Lee et al., 1989; Gerhardsson de Verdier et al., 1991; Iscovich et al., 1992; Peters et al., 1992; Steinmetz and Potter, 1993; Muscat and Wynder, 1994; Kampman et al., 1995 Kampman et al., , 1999 Shannon et al., 1996; Franceschi et al., 1997; Murtaugh et al., 2004) . On the other hand, a number of other cohort and case-control studies have shown a statistically significant association between CRC and red meat intake (Kune et al., 1987; La Vecchia et al., 1988 Willett et al., 1990; Giovannucci et al., 1994; Le Marchand et al., 1997; Levi et al., 1999; English et al., 2004; Navarro et al., 2004; Tiemersma et al., 2004; Chao et al., 2005) or white meat intake (Kune et al., 1987; Willett et al., 1990; Iscovich et al., 1992; Franceschi et al., 1997; Hughes et al., 2001; Norat et al., 2005) . We did not find any differences in the associations between proximal and distal CRCs, although the numbers were relatively small in these subanalyses. Reviews of prospective studies have concluded that the association between red meat intake and CRC is stronger for cancers occurring in the distal colon and rectum than in the proximal colon, although there is significant heterogeneity in the findings of studies that examine rectal cancer (Larsson and Wolk, 2006; Alexander and Cushing, 2010) .
The discrepant study findings in relation to meat and CRC may reflect differences in study methods, study population and the variety of variables used as measures of exposure. Positive associations between meat and CRC are predominantly found in case-control studies, with inherent problems of recall bias, rather than cohort studies (Benito et al., 1990; Gerhardsson de Verdier et al., 1991; Shannon et al., 1996; Nowell et al., 2002; Navarro et al., 2004) . Most cohort studies, in which the data on exposure variables were collected before the outcome occurred, have not found any significant association between meat consumption and the risk of CRC (Alexander and Cushing, 2010) . Additionally, most of the support for an association comes from studies with high intake levels (4140 g per day) (Hill, 2002) . In our study, summing the mean intake for controls of all meat types multiplied by serving size results in a mean of 2.60 servings of red meat per day and 0.88 servings of white meat per day. The average serving size is 125 g, which means that our controls were consuming, on average, 325 g of red meat and 110 g of white meat a day. This is probably an overestimate because of the summing of multiple types of meat-the per capita intake of meat and meat products in Australia in 1997-1998 was 74.5 kg (Australian Bureau of Statistics 1998), which is about half our estimate. However, it suggests that the intake of meat in this population was high enough to have detected an effect if one were there.
In the majority of epidemiological studies, meat consumption has been expressed as frequency (servings per units of time) or quantity (g per day), and other attributes of consumption, such as cooking method and level of doneness, have not been taken into account. Preparation methods can influence the content of the cooking byproducts in meat. Mutagenic activity has been shown in meat cooked at relatively high temperatures (that is, 4150 1C) (Skog, 1993; Felton et al., 1994; Fay et al., 1997) . These temperatures are associated with cooking methods such as barbequing and pan frying. Only a small number of studies have meat exposure measures that incorporate both consumption and preparation, such as cooking methods and/or levels of doneness (Lang et al., 1994; Muscat and Wynder, 1994; Kampman et al., 1999; Sinha and Rothman, 1999; Navarro et al., 2004) . In those studies that did so, not all cooking methods or levels of doneness for both red and white meat were investigated. Given that the carcinogen levels formed in stir-fried meat are very small (National Cancer Institute, 2007) , a large amount of meat cooked by methods that involve a lower temperature or shorter cooking time (for example, stir frying) might be less harmful than a smaller amount of meat cooked at higher temperature and for a prolonged period of time (for example, barbequing). Thus, using frequency or quantity of consumption as the only measure of exposure might therefore fail to detect an association. However, when we incorporated a weighting for the doneness of the meat, we still found no association with CRC.
Another problem with epidemiological studies of meat and CRC is that definitions for subcategories of red and white meat are not clear. In most studies, total meat has been defined as fresh plus processed meat, but some have only investigated fresh meat (Iscovich et al., 1992; Boutron-Ruault et al., 1999) and other studies have excluded fish from total meat (Lee et al., 1989) . Still other studies have included or excluded offal that contains lower levels of fat and protein than muscle meat, which are thought to be the precursors for potential carcinogens formed during cooking. Including offal in the meat categories is highly likely to overestimate the exposure. The etiologically relevant exposure time is not known with any precision. Cancerous changes in the colorectal cells might have started at a different time period than that we have selected to investigate. Given the long latency period for cancer, we chose to investigate diet 10 years ago, as past eating habits are regarded as a more appropriate measure of exposure than the current diet (Byers et al., 1987; Lindsted and Kuzma, 1990) . It has been shown that remote diet recalled from 10 years earlier may be as reliable as recent dietary recall (Ambrosini et al., 2003) . The majority of the case-control studies that have found a positive association between meat consumption and the risk of CRC have looked at more recent meat consumption habits. However, estimates of current diet may be less likely to replicate past dietary habits. Few studies have examined the risk in relation to long-term or past meat consumption (Pickle et al., 1984; Kune et al., 1987; Muscat and Wynder, 1994) . Some of these studies have reported positive associations in relation to CRC, but not for all types of meat or anatomical subsites.
One of the limitations of this study is that it may be subject to recall error among both cases and controls, as we were asking people to recall details of their diet 10 years previously. The misclassification is potentially greater for cases who might have recalled lower levels of consumption, possibly because of recent changes in their diet due to their current illness. Such differential recall error might have resulted in recall bias and the attenuation of any true association. Another limitation of our study was the potential for selection bias because of the relatively low response fractions. However, this is an unlikely explanation of our findings of a lack of association, as the usual pattern is that healthier controls (that is, those who eat less meat) are more likely to participate than those with less healthy habits, thus overinflating the risk upward.
It has been suggested that any association between high meat consumption and increased risk of CRC may not directly be linked to components in meat, but that it might instead reflect deficiencies in other protective dietary factors (Hill, 1997 (Hill, , 1999 (Hill, , 2002 . However, there was no evidence in our study of dietary covariates (including fiber and fruits and vegetables) being confounders of the association between meat consumption and the risk of CRC.
In summary, despite a detailed meat intake questionnaire, used in a population with a high average meat intake, this case-control study provides no support for the hypothesis that the risk of colorectal carcinoma increases with increasing meat consumption.
